Lateral heterogeneities in bio-membranes play a crucial role in various physiological functions of the cell.
conformational changes of membrane channel proteins [37] are a few example of such processes. In this work we study the effect of linactants in the stabilization of nano-domains in model systems, which represent "rafts" in real plasma membranes.
Linactants are hybrid lipids with one fully saturated and another unsaturated tail. The resulting molecular structure enables them to increase their compatibility with the two separate phases. These molecules stabilize the nano-domains by reducing line tension in structures (domains) that have a thermodynamically unfavourable high perimeter to area ratio. Line tension is the 2-dimensional analogue of surface tension, present at the interface of two phases, which arises due to the "hydrophobic mismatch" in the thickness of the L o and L d phases and membrane curvature [38, 39] . It is defined as the excess energy per unit length of a contact line where two or more distinct phases coexists. Owing to their "line active" nature, linactant molecules preferentially segregate at the interface of the two phases [40] , thus lowering the unfavourable interaction energy and thereby, line tension. Line tension is one of the most important determinants of the existence, size, and segregation dynamics of domains in membrane systems [41, 42, 43] . They are known to favour small fluctuating domains and increase their lifetimes [44] . In the present study we have used PAPC as a model linactant molecule, with one tail similar to that of DPPC lipid and the other to that of DAPC lipid.
Our current study is focused on understanding the molecular origin of functionally important phase separation in model lipid systems. Toward this, we employ a characterization method which, while relatively new to biological literature, has been extensively used in the field of amorphous and glassy systems. Though seemingly distinct, amorphous materials have been shown to share striking similarities with biomolecular systems. With functional proteins, they share some fundamental characteristics, in terms of their interior packing [45] , rugged free energy surface [46] , and relaxation mechanisms [47] .
Similar to lipid systems, super cooled glasses have also been found to show dynamic heterogeneities [48, 49] . Motivated by such essential similarities between biological systems and amorphous granular materials, we borrow the idea of non-affine strain measurements, which was used by Falk and Langer in their seminal work [50] to identify the locations of irreversible plastic rearrangements in order to understand the phenomena of viscoplasticity in amorphous solids. In our work, we use this prescription to numerically calculate the degree of non-affine deformation in topological rearrangement of lipids, in their local neighbourhood, to distinguish between L o and L d phases. It should be noted that affine and non-affine deformation have previously been employed in granular material [51, 52, 53] and biological systems, in the area of cell mechanics to model actin cytoskeletal networks [54, 55, 56 ], but in a very different context. To the best of our knowledge, this is the first time that the degree of non-affineness has been used in the context of topological rearrangements to distinguish between the coexisting liquid phases in lipid systems.
Our main results are the following. We show that the degree of non-affineness, of the coexisting phases, is not biased by the chemical identity of the lipid species and serves as a useful tool to distinguish between L o and L d phases, and identify the corresponding phase boundary. Using distance based clustering analysis, we show that cholesterol does not preferentially segregate with one of the lipid phase, and rather stations itself at the interface of the two phases. Finally, we also show that the effect of linactant on the liquid phase coexistence can be captured by the spread in the degree of non-affineness of the two separate phases.
The rest of the paper is organized as follows. In Section 2, we discuss our main results. Section 3 details the simulation and characterization methodologies. We conclude in Section 4 with a short summary and possible future directions.
Results and Discussion
In this section, we present the important results from current study. We begin with an exploration of the proposed numerical method in the context of the existing characterization techniques of L o and L d phases in the simulation literature, and then discuss its advantages. Next, the partitioning of cholesterol in such a phase separated lipid systems is investigated in terms of their clustering with the lipid domains.
Finally, the effect of linactant molecules on phase boundaries is analyzed in terms of the spread in the degree of non-affineness of the two sub-phases.
Use of non-affine strain measurements to identify L o and L d phases
There exists several experimental techniques to identify the two co-existing liquid phases in a lipid system.
The most widely used methods involve the measurement of difference in bilayer thickness using AFM [57, 20] , and SANS [43] , conformational order of the alkyl chain using NMR tail order parameter [58, 59] , and diffusion coefficients using FRET [60] and NMR [61] . These methods, along with the calculation of pair correlation functions, have also been traditionally used to study the L o and L d phases in simulation literature. The significance of our proposed method, involving non-affine strain measurements, vis-a-vis the merits and pitfalls of the existing methods is discussed in Supporting Information (SI) ( Figure S1 , S2 and S3).
In this work, we characterize the ordered/disordered regions in the lipid systems in terms of distinction in their topological rearrangements. The details of the formalism is discussed in Materials and Methods section. We quantify this difference by means of the degree of non-affineness, which we define as a measure of the local non-affine strain, associated with individual lipids within a neighbourhood of radius Ω. Taking a particular simulation snapshot as reference, we calculate the residual non-affineness (χ 2 ) for each lipid in the system at a later time of 10-100 ns. The phosphate head-group of the lipids denote the position of lipids for the calculations and the neighbourhood radius Ω is taken to be 14Å. The details of the All Atom (AA) and Coarse-Grained (CG) systems, on which the method was tested, are given in Table 1 and Table 2 respectively. As shown in Figure S4 of the SI, the overall value of χ 2 increases monotonically as the time window (∆t) between the two snapshots increases. The average values of Beyond the ability to discern between ordered/disordered domains, χ 2 values can also be used to monitor the kinetics of domain formation within the limitation of the CG trajectories. The initial stage of phase separation has been proposed to occur though spinodal decomposition near the critical point and via nucleation otherwise [66] . Figure 3 shows the long tail distribution of χ 2 values for DAPC and DPPC lipids in CG DAPC/DPPC/CHOL system as the simulation advances. For this part of the calculations, the values of χ 2 have been segregated based on the lipid type and the distributions are calculated separately. The overlapping region in the distribution corresponds to the lipids that do not belong to a pure L o or L d phase. As apparent from the figure, the overlap in the distribution decreases with time indicating separation of the two phases, and thus can be used as a measure to study the segregation dynamics. As shown in Figure 4 , as the area of the overlapping region converges the system is said to have attained equilibrium.
Identifying the "true" interface of ordered/disordered regions
In general, traditional way of identification of the boundary lipids involves the association of saturated and unsaturated lipids to different phases [18] . The color map in Figure 2 for AA DOPC/DPPC/CHOL system shows that not all DPPC lipids form L o phase as previously assumed in HMM calculations [65] , rather some DOPC and cholesterol sites also belong to L o phase. Our calculations thus show that "local order" is environment dependent and need not be associated with the chemical identity of the lipids. As seen in Figure 2a , some of the DPPC lipids have higher χ 2 and these can be rightly identified as those 
Cholesterol partitioning in L o and L d phases
As discussed in the last section, the ordered phase in the membrane is not formed exclusively by the saturated lipids, but is also composed of some unsaturated lipids and cholesterol. Therefore, to study the behaviour of cholesterol in the phase separated system of ordered and disordered lipids, we perform cluster analysis on the atomistic trajectories of DOPC/DPPC/CHOL, DOPC/PSM/CHOL and POPC/PSM/CHOL systems. The mid points of the two tails of each lipid are taken as the evolving coordinates. A distanced based clustering algorithm is used with cutoffs 5, 6, 7, and 8Å. The variation in N S , the occurrence probability (number of clusters with size S), with different cutoff distances for DPPC (/PSM) and DOPC (/POPC) lipids, is shown in Figure 6 , Figure S6 and Figure S7 . For both the lipid types, we also calculate the cluster size distribution by taking the cholesterol sites into account.
For a given cutoff distance for both DOPC and DPPC lipids, N S increases when the cholesterols are included in the analysis. The occurrence probability of larger clusters (S > 100) increases noticeably for the two lipid types. Such a common trend of increase in N S for both the lipids upon incorporating the cholesterol sites in the calculation, especially for large S, indicates the formation of large clusters of DOPC and DPPC lipids that also include cholesterols. This observation suggests that cholesterol does not segregate preferentially with either of the lipid types, but rather is located at the interface of the DPPC/DOPC clusters. This is in line with the previous study [65] , which proposed that the cholesterol does not disrupt the hexagonal packing of DPPC lipids and hence are stationed at the interface of DPPC and DOPC lipid domains.
Predicting the effect of linactant molecules on phase boundaries using
Theoretical study shows that line tension depends quadratically on thickness difference between the L o and L d phases [67] . Linactant molecules lower the line tension across the boundary of the two phases by reducing the hydrophobic mismatch [68] . To study the effect of linactant molecules on the phase segregation in DAPC/DPPC/CHOL system, we compute the distribution of χ 2 values for both the lipid types with increasing linactant (PAPC) ratio (X: number of PAPC lipids to total number of unsaturated lipids), as shown in Figure 7 . As discussed in earlier sections, the overlap in the long tail probability distribution indicates the lipids at the interface of L o and L d phases, and thus can be monitored as an indication of disruption of the phase boundary and increased thermal fluctuations. We find that the overlap in χ 2 distribution monotonically increases with increasing linactant ratio, suggesting increase in the domain boundary fluctuations with increasing number of "interfacial" lipids. Eventually, beyond a certain concentration of these line active molecules, the phase segregation is almost lost as the saturated and unsaturated lipids start to mix without an energy penalty. 
Materials and Methods
In this section we summarize the details of the models, simulation methodologies, and numerical implementation. We start by highlighting the details of AA and CG simulations in the first subsection. We then discuss various characterization methods used in this work, including the mathematical construct, we followed, to calculate χ 2 .
Model and Simulation details

All Atom Simulations
A diffusion constant of the order of 10 −7 cm 2 /s for lipids in all atom representation requires the systems to be evolved for several microseconds in order to achieve equilibrium lateral distribution. Therefore, such simulations are computationally expensive. The all atom simulation trajectories used in this work were borrowed from Edward Lyman's group in Delaware. The trajectories constituted six ternary lipid bilayer simulations performed on Anton supercomputer. Position and velocities were collected at an interval of 240 ps. The relevant details of the all atom systems are summarized in Table 2 . Further technical details of the simulation set up can be found in the corresponding references [69, 65] . Table 1 : Simulation details of various all atom trajectories analyzed in this work.
Coarse Grained (CG) simulations
CG simulation on 35%/35%/30% DAPC/DPPC/CHOL ternary lipid system, of size ∼ 25 × 25Å 2 , was set up using CHARMM-GUI Martini membrane builder web server [70, 71] . The tensionless membrane was simulated using GROMACS 5.0.2 [72] in NPT ensemble at 295 K temperature and 1 bar pressure.
A constant temperature was maintained using velocity rescaling and a constant pressure using ParrineloRahman barostat [73] with relaxation times of 1.0 ps and 2.0 ps respectively. Cut-off and shift distances of 1.2 nm and 0.9 nm to 1.2 nm respectively were used for van der Waals interactions. To simulate a tensionless bilayer, semi-isotropic pressure coupling was performed independently in the lateral and normal directions with a compressibility constant of 3 × 10 −4 bar −1 . The restraints, initially applied on the lipid head-groups in order to maintain the bilayer structure, were gradually released in the equilibration phase. The multi-component bilayer system was then evolved for 1.6 µs and positions and velocities were collected at a frequency of 40 ns, until equilibrium phase separation was achieved.
The CG trajectory for martini coarse-grained DUPC/DPPC/CHOL lipid mixture was obtained from Peter Tieleman's group at Calgary [74] . The system was evolved for 11 µs and positions and velocities were collected at every 10 ns. Trajectories for systems with different linactant fractions were borrowed from Carla M. Rosetti's lab at Argentina [68] . Positions and velocities of these systems were written at a frequency of 60 ns. Details of all the three CG systems are summarized in Table 3 
Numerical Implementation
We calculate the degree of non-affineness, associated with any lipid in an evolving membrane system, based on the topological rearrangements occurring in a local neighborhood around it [50] . An affine deformation is always associated with a uniform strain. For non-affine case, the total deformation can be broken down to an affine and a residual part. Thus, the degree of non-affineness (χ 2 ) measures the residual non-affine content of a deformation. Following the mathematical construct of Falk and Langer [50] , the residual deviation from affine deformation during a time interval [t, t + ∆t] is given by
where the indices i and j run through the spatial coordinates for dimension d and n runs over the N lipids in the neighbourhood Ω, defined within a cutoff distance around the reference lipid n = 0. δ ij is the Kroneker delta function. ij is the strain associated with the maximum possible affine part of the deformation and thus, minimizes χ 
Summary and Conclusion
In this work, we explore the feasibility of utilizing the information on topological rearrangement of lipids, to characterize the phase separation in a model membrane system. We numerically calculate the degree of non-affineness (χ 2 ), associated with evolving lipids in their local neighbourhood, to distinguish between the liquid ordered and liquid disordered phases.
Apart from identifying these phases, χ 2 values can also be used to monitor the kinetics of domain segregation. Such a kinetic study can distinguish between the two types of phase separation: nucleation and growth, and spinodal decomposition, depending on the nature of domain evolution. The non-affine parameter contains information about the local neighbourhood of the lipids and hence can be used to identify lipids at the boundary of the two phases. Unlike the existing methods that are traditionally used in simulation studies and experiments, the boundary thus traced out is not biased by chemical identity of the lipids and so identifies the "true interface". The effect of linactant molecules that preferentially segregate at the interface of L o and L d regions can be captured using the overlap between the probability distribution of χ 2 values for lipids in both phases. We show that linactant molecules lower the line tension by decreasing hydrophobic mismatch between the lipids that form the interface of the two phases.
On the methodology front, we propose a computationally less expensive method of characterizing L o and L d phases in atomistic and coarse-grained simulation studies of bio-membranes. This method can also be utilized in kinetics experiments, where images separated by timescales as large at 0.5 µs can be analyzed without performing complicated image processing. While identification of individual lipids in experiments can be severely limited by the experimental resolution, one can nonetheless utilize this method in the study of kinetics of large-scale membrane features such as lipid rafts and protein assembly, and tissues.
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